High temperature oxidation of Y 2 O 3 -partially stabilized ZrO 2 composites dispersed with Ni particles was investigated at temperatures ranging from 873 to 1073 K in air. Cracks between Ni particles forms parallel to the surface during high temperature oxidation. Thickness of the cracked zone increases proportionally with increasing oxidation time. A model for the growth of the cracked zone was established as a basis of the oxidation of Ni particles by permeation of oxide ions through the Y 2 O 3 -partially stabilized ZrO 2 matrix, which is rate-controlled by hole conduction. Growth behavior calculated by the model is in good agreement with the experimental results.
Introduction
Oxide ceramics have received great attention for high temperature applications due to excellent chemical stability and high mechanical strength at high temperatures. However they have some disadvantages such as low toughness and poor machinability. To overcome their disadvantages, composites combining of oxide ceramics and metals are investigated. At elevated temperatures, mismatch of thermal expansion between ceramics and metals leads to thermal stress. Functionally graded materials (FGMs) realize to decrease thermal stress by the tailored graded structure.
1) The region near the ceramics surface of FGMs consists of ceramic matrix with metallic particle dispersion, i.e., metallic particle-dispersed ceramic composites. Oxide ceramics exhibit oxygen permeability at high temperatures. Metal particles dispersed in oxide matrix are oxidized by the oxidants passing through the matrix. Almost metals expand after oxidation and give stress to the matrix around particles. With growth of oxide scale between a metal particle and matrix, the stress surrounding the matrix is increased and results in fracture of matrix.
Ceramic composites dispersed metal particles, especially nano-size particles, are the promising materials for realizing toughening ceramic materials.
2) They are also expected as high temperature applications. These composites should be also fractured by oxidation of dispersed metallic particles.
To design the oxide ceramic composites dispersed metal particles for the high temperature applications, oxidation kinetics of ceramic composites with metallic dispersion are important. There are some phenomenological reports on the oxidation behavior of oxide ceramic composites dispersed metals, 3) carbides and nitrides. [4] [5] [6] [7] [8] In this study, oxidation behavior on Y 2 O 3 -partially stabilized ZrO 2 dispersed Ni particles is investigated to establish the kinetic model for designing ceramic composites with metallic particle dispersion. Partially stabilized ZrO 2 with Y 2 O 3 -doping (refer to PSZ) is one of the most popular engineering ceramics due to high mechanical strength and toughness. Since thermal expansion of PSZ is 10 Â 10 À6 K
À1
and is closer to ones of heat resistance alloys (13{16 Â 10 À6 K À1 ) than other ceramics such as Al 2 O 3 and mullite. Nickel is a base metal for heat-resistant alloys and superalloys. FGMs consisting of Ni and PSZ have been studied as a model system to understand mechanical behavior and production processes. [9] [10] [11] [12] [13] Oxidation kinetics of Ni and oxygen permeability of Y 2 O 3 -ZrO 2 system has been already studied well, so they are very useful for analyzing the oxidation behavior of Ni particle-dispersed PSZ (refer to Ni/PSZ).
Experimental Procedure
Partially-stabilized ZrO 2 containing 3 mol% Y 2 O 3 (an average grain size: 0.3 mm) and Ni particles (an average size: 10 mm) were mixed by using a mortal with ethyl-alcohol for 1.8 ks. The volume fractions of Ni particles were 0.01, 0.025, and 0.05 (refer to 1Ni/PSZ, 2.5Ni/PSZ and 5Ni/PSZ, respectively). After dried, the powder mixture was sintered by using the pulsed current pressure-sintering with graphite die at 1573 K of die temperature for 1.8 ks under 55 MPa in the uni-axial pressure in vacuum. As-sintered samples were pellets with 15 mm in diameter and 5 mm in thickness. The densities of the samples were at least 0.99 of the theoretical value. The samples were ground by abrasive papers up to #1000. Figure 1 shows the cross-sectional view of the 2.5Ni/PSZ. Elliptic Ni particles are deformed perpendicular to the compressive direction of the pressure-sintering. Electron probe microanalysis clarified that no reaction occurred between PSZ and Ni and carbon dissolves in Ni particles.
The samples were put on alumina grains (2-3 mm in size) in an alumina crucible and oxidized at temperatures ranging from 873 to 1073 K in air. The oxidation temperature was monitored by R-type thermo-couple set on the alumina powders using a logging meter. The temperature fluctuation was less than AE3 K.
The oxidized samples were investigated by X-ray diffraction (XRD) for the phase identification. The samples were mounted into the epoxy-resin, cut by a diamond wheel and polished by 4 mm-diamond paste. The cross-sections of the oxidized samples were observed by the scanning electron microscope (SEM).
Results
Color of the sample surface changed from dark gray to pale green by high temperature oxidation. Figure 2 shows the XRD pattern of the 5Ni/PSZ oxidized at 1073 K for 28.8 ks in air. Tetragonal ZiO 2 , Ni, and NiO are identified. The change of sample colors after oxidation causes appearance of NiO. Figure 3 shows the cross-sectional views of 5Ni/PSZ oxidized at 1073 K for 28.8 ks. Many cracks parallel to the surface are generated in the sample near the surface. These cracks are located between Ni particles. The region with the cracks in the matrix (refer to the cracked zone) ranges from surface to the depth of 100 mm.
The depth of the region with cracks, x cz , as a function of oxidation time, t, is plotted in Fig. 4 with different Ni volume fraction. The value of x cz increases proportionally with the increase of oxidation time. The growth of the cracked zone obeys the linear rate law. With increasing Ni volume fraction, the growth rate of the cracked zone increases. Figure 5 shows the cracked zone depth of 5Ni/PSZ as a function of oxidation time with different oxidation temperatures. The growth rate of the cracked zone, that is, the linear rate constant, k l , increases with increasing oxidation temperature. Figure 6 shows the relationship between k l and the reciprocal temperature on the oxidation of 5Ni/PSZ. The value of apparent activation energy of k l is equal to 184 kJmol À1 . 
Discussion
Since PSZ is an oxide ion conductor, in exposing Ni/PSZ into the oxidizing atmosphere at high temperatures, Ni particles in the matrix should be oxidized. In other wards, NiO layers form between the matrix and Ni particles. As the volume ratio of NiO to Ni (Pilling-Bedwarth ratio: R PB ) is 1.65, Ni particles expand due to oxidation to form NiO layer. Figure 7 illustrates schematically oxidation of Ni/PSZ at elevated temperatures. Volume expansion of dispersed Ni particles gives the matrix the tensile stress with tangential direction of the particle and compressive stress to the lateral direction, as shown in Fig. 7(a) . The elastic stress of matrix in the tangential direction around the Ni particle, , can be expressed as follows:
where E and v are Young's modulus and Poisson's ratio of PSZ, respectively. When the tensile stress reaches to the fracture stress of the matrix, f , cracks are generated in the ceramic matrix at the interface. The cracks propagate to the neighbor particle or upside cracks (surface in the beginning of oxidation) for reducing the stress around the particles. Connecting cracks to the cracks near the surface, atmospheric gas goes into the crack network. The critical stress at the middle point between Ni particles, Ã , to the connection of cracks would be less than the fracture strength of matrix. In this study, the value of Ã is assumed to be simply expressed as C f (C is the constant less than unity) and given by:
where x Ã NiO is the critical value of the NiO layer when at the middle point between the particles reaches to C f . Figure 8 shows tangential stress, , as a function of radius, r, from the center of Ni particle with different thickness of an NiO layer. The parameters employed in this analysis are given in Table 1 . When thickness of NiO is equal to 0.05 mm, the stress of the matrix at the NiO/matrix interface is larger than f and the stress at the center between particles reaches to 50 MPa, which is equal to 0:1 f . The connection of cracks in the matrix occurs when thickness of an NiO scale is very thin, less than 0.1 mm.
As NiO scale is very thin when the matrix is fractured by oxidation of dispersed Ni particles, growth of the oxide scale should be rate-controlled by the permeation of oxide ions though the matrix, rather than the diffusion of Ni ions in the NiO scale. In other words, growth of NiO layer on the Ni particle at the oxidation front can be assumed to be predominated by the oxygen supply passing through the PSZ matrix until cracks in the matrix are connected to the free surface or open cracks. The scale thickness, x NiO , of Ni particles at the oxygen front can be represented by:
where a p (¼ A=A p ) is the area ratio of an Ni particle surface to a plane parallel to sample surface and v NiO is the molar volume of NiO. The symbol of J O 2À indicates the flux of oxide ions through the matrix from the free surface to the Ni particles, as shown in Fig. 7(b) .
Park and Blumenthal 14) reported the hole and electron conductivity of 8 mol% Y 2 O 3 fully stabilized ZrO 2 as a function of temperature and oxygen partial pressure. Oxygen permeation of Y 2 O 3 -doped ZrO 2 is dominated by the hole conduction under high oxygen partial pressure, i.e., P O 2 > 6 Â 10 À7 Pa at 1073 K. Under P O 2 less than that pressure, electronic conduction becomes predominant. The equilibrium oxygen partial pressure of Ni and NiO corresponds to 5 Â 10 À10 Pa at 1073 K, as calculated by using the standard Gibbs energy of formation of NiO. 15) PSZ matrix near the Ni particles should be in the region of electronic conduction. In this study, oxygen permeation through PSZ is assumed simply to be rate-controlled by only the hole conduction, as shown in Fig. 7(b 
where J h þ is the hole flux in PSZ and h the partial hole conductivity of PSZ under the P O 2 ¼ 0:1 MPa. The symbols of R, T and F are the gas constant, the absolute temperature and the Faraday constant, respectively. The symbol of X indicates the distance between Ni particles. The value of X is a function of the volume ratio of the Ni particle, as expressed by:
where f v is the volume fraction of Ni particles. Since growth of NiO scale is rate-controlled by the supply of oxide ions through the matrix, the oxygen partial pressure at the interface between the matrix and the NiO scale is very cross to the equilibrium value of Ni and NiO, that is,
During the oxidation at a constant temperature, the value of J O 2À should be constant. Equation (3) can be expressed by
where a p is the surface area ratio of sample surface for one Ni particle (i.e., equal to A=A p as shown in Fig. 7(a) ), and k is the linear rate constant for growth of NiO layer by oxide ion passing through PSZ in the one-dimension:
The cracked zone grows with alternation of the crack propagation and the permeation of oxide ion from crack surface to Ni particle. Growth of the cracked zone is the ratio of the distance between Ni particles and time to connect the cracks due to the oxidation of Ni particles, as shown in Fig.  7(b) . The linear rate constant, k l , of growth of the cracked zone can be defined as follows:
where t Ã is the period until cracks are connected, that is, thickness of NiO layer becomes x Ã NiO and then at the middle point between the particles reaches to C f : . Using eqs. (2), (5), (6) , and (8) k l can be represented as follows:
where C 0 is a constant given by:
This model gives important knowledge: (1) k l is proportional to the oxygen permeability of matrix, (2) k l is proportional to the one-third of the volume fraction of the particles dispersed, (3) k l is inverse to the fracture strength of the matrix, and (4) k l is inverse to particle size of dispersion.
Temperature dependence of the partial conductivity of hole of Y 2 O 3 -doping ZrO 2 can be expressed simply by: Young's modulus of PSZ E 180 GPa 19) 180 GPa 190 GPa 20) Poisson's ratio of PSZ v 0.335 20) 0.34 500 MPa 21) Fractured stress of PSZ f 700 MPa 22) 500 MPa 400 MPa 23)
where Q is an apparent activation energy. Considering eqs. (7), (10) and (11), temperature dependence of k l is given as the following equation with assumption that temperature dependence of E, v and Ã is negligible: Figure 9 shows lnðk l T À1 Þ À T À1 plot on high temperature oxidation of Ni/PSZ. The apparent activation energy (176 kJmol À1 ) is in good agreement with those of the partial conductivities of hole to be ranging from 135 to 188 kJmol À1 .
15) Figure 10 shows k l as a function of f 1=3 v to confirm the dependence of Ni volume fraction to the growth rate of cracked zone represented in eq. (8) . The value of k l is roughly proportional to f
1=3
v . This agreement is also a good evidence of the proposed model. In the present model, the elastic deformation of the matrix is assumed until cracks are connected. This assumption may give the small difference between the model calculation and experimental data. 17) and disperse with the one order of magnetude. 15) The reported values of the mechanical properties of PSZ at high temperatures also have wide variations. The order of magnitude of k l obtained by the model calculation is in agreement with the experimental results. This agreement is also an evidence to prove the model proposed in the present paper.
Conclusions
High temperature oxidation of Y 2 O 3 -partially stabilized ZrO 2 composites dispersed Ni particles was investigated with temperatures ranging from 873 to 1073 K in air. Cracks between Ni particles forms parallel to the surface during oxidation. Thickness of the zone containing cracks between Ni particles increases proportionally with increasing oxidation time. A model for the growth of the cracked zone was established as a basis of the oxidation of Ni particles by permeation of oxide ions through PSZ matrix, which is ratecontrolled by hole conduction. Growth behavior calculated by the model is in good agreement with the experimental results. Nomenclature a p : surface area ratio of surface sample for one Ni particle (¼ A=A p ) A: surface area of the sample for one Ni particle A p : surface area of Ni particle C: constant ( 
